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We demonstrate photon noise limited performance in both phase and amplitude readout in microwave kinetic
inductance detectors (MKIDs) consisting of NbTiN and Al, down to 100 fW of optical power. We simulate
the far field beam pattern of the lens-antenna system used to couple radiation into the MKID and derive an
aperture efficiency of 75%. This is close to the theoretical maximum of 80% for a single-moded detector. The
beam patterns are verified by a detailed analysis of the optical coupling within our measurement setup.
In the next decades millimeter and sub-mm astronomy
require1 large format imaging arrays to complement the
high spatial resolution of the Atacama Large Millime-
ter/submillimeter Array2. The desired sensors should
have a background limited sensitivity and a high opti-
cal efficiency and enable arrays of up to megapixels in
size. The most promising candidate to fulfill these re-
quirements are microwave kinetic inductance detectors
(MKIDs)3 due to their inherent potential for frequency
domain multiplexing. MKIDs are superconducting res-
onators, thousands of which can be coupled to a single
feedline. Each resonator is sensitive to changes in the
Cooper pair density induced by absorption of sub-mm
radiation. By monitoring the change in either phase or
amplitude of the complex feedline transmission at the
MKID resonance one can measure the absorbed photon
power. Using amplitude readout photon noise limited
performance has been shown4. However, for practical ap-
plications two key properties need to be demonstrated:
(1) Photon noise limited operation in phase readout. (2)
A measurement of the aperture efficiency5, which de-
scribes the absolute optical coupling of a MKID imaging
array to a plane wave.
In this letter we present antenna coupled hybrid NbTiN-
Al MKIDs designed for groundbased sub-mm astronomy.
We show that these devices achieve photon noise lim-
ited performance in both amplitude and phase readout.
Through a detailed analysis of the optical coupling within
our setup we validate the simulation of the lens-antenna
far field beam pattern. From this we derive an aperture
efficiency of 75%. This is close to the theoretical maxi-
mum of 80% for a single-moded detector.
The device design, shown in Fig. 1, aims to simulta-
neously maximize the phase response and minimize the
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two-level system (TLS) noise contribution8. The device
is a L ≈ 5 mm long quarter wavelength coplanar waveg-
uide (CPW) resonator consisting of two sections. The
first section (∼ 4 mm), at the open end of the resonator,
is a wide CPW made entirely from 200 nm thick NbTiN.
NbTiN has 10 dB lower TLS noise than conventional su-
perconductors such as Al9. The TLS noise is further
reduced by the width of the CPW9, 23.7 µm and 5.4 µm
for the CPW gap and central line, respectively.
The second section (1 mm), at the shorted end of the
resonator, is a narrow CPW with NbTiN groundplanes
and a 48 nm thick Al central line. The Al is galvan-
FIG. 1. Scanning electron micrograph of the antenna-coupled
hybrid NbTiN-Al MKIDs used. A wide NbTiN CPW res-
onator is used to minimize the two-level system noise con-
tribution. At the shorted end, where the planar antenna is
located, one millimiter of CPW is reduced in width and the
central line is made from thin Al. The Al is galvanically con-
nected to the NbTiN at both ends (inset).
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FIG. 2. (a) The power spectral density of the amplitude (dashed) and phase (solid) noise measured under various optical
loading. A white noise spectrum is observed, the level of which is constant with loading power, for P350GHz > 100 fW. The
roll-off above 1 kHz is due to the quasiparticle lifetime, which is reduced by an increasing optical load. Note that the photon
noise level is 16 dB higher in phase readout. Nevertheless, at a given loading the NEP is the same for phase and amplitude
readout as shown in (b). (b) The optical NEP6,7 for amplitude (dashed) and phase (solid) readout as a function of optical
loading. (c) The optical NEP measured at a modulation frequency of 200 Hz, NEPopt, as a function of the estimated optical
loading, Pcalc. For every optical loading the NEP in phase (magenta dots) and amplitude (black dots) readout is equal, if
for the latter the amplifier contribution (black diamonds) is subtracted. This contribution is insignificant in phase readout.
The errorbars on the NEP measurement are of the order of the symbol size. The measured NEP follows the same slope as
NEPcalc ∝
√
Pcalc (dashed black line). By fitting the relation between measured amplitude NEP and NEPcalc (solid black
line) ǫ = 1.06 ± 0.06 is determined.
ically connected to the NbTiN central line (Fig. 1 in-
set) and the NbTiN groundplane at the resonator short.
The NbTiN is lossless for frequencies up to the gap
2∆0/h = 1.1 THz (Tc ≈ 14 K). Any radiation with a
frequency 0.09 < ν < 1.1 THz is therefore absorbed in
the Al (Tc = 1.28 K) central line of the second section.
The optically excited quasiparticles are trapped in the
Al, because it is connected to a high gap superconductor.
This quantum well structure confines the quasiparticles
in the most responsive part of the MKID and allows us to
maximize the response by minimizing this active volume.
Therefore, we use a narrow CPW in section two, 2.3 µm
and 3.7 µm for the central line and slots, respectively.
Using a narrow Al line at the shorted end of the MKID
does not increase the TLS noise significantly, because of
the negligible electric field strength in this part of the
detector.
At the shorted end of the resonator light is coupled into
the device through a single polarization twin-slot an-
tenna, which is optimized for ν = 350 GHz. The advan-
tage of using antenna coupling is that it can be designed
independently from the distributed CPW resonator. The
disadvantage is that the antenna occupies only ∼ 1% of
the total pixel footprint. To achieve a high filling fraction
we use elliptical lenses to focus the light on the antennas.
The design presented here is an improvement on that by
Yates et.al.4. Our design has a wider body in section
one, which provides ∼ 7 dB reduction of the TLS noise.
In addition we have thinner Al, 48nm instead of 80 nm.
This increases the kinetic inductance fraction by 45% to
α = 0.09 and reduces the volume by 40%. Both give a
linear increase in the phase response.
An array of 24 pixels has been fabricated10,11 on a high
resistivity (> 10 kΩ cm) 〈100〉-oriented Si substrate. All
pixels are capacitively coupled to a single feedline with a
coupling Qc ∼ 58k, which is matched to the Qi expected
for an optical loading of ∼ 10 pW. After mounting an
array of 16 laser machined Si lenses with a diameter of 2
mm on the central pixels, the array is evaluated using a
pulse tube pre-cooled adiabatic demagnetization refriger-
ator with a box-in-a-box cold stage design12. In this de-
sign the array is fully enclosed in a 100 mK environment
with the exception of a 2 mm aperture, which is located
15.05 mm above the approximate center of the MKID ar-
ray. This aperture is isotropically illuminated by a large
temperature-controlled blackbody6. Two metal mesh fil-
ters provide a minimum rejection of 20 dB at all wave-
lengths outside the 50 GHz bandpass centered on ν = 350
GHz. This allows us to create a variable unpolarized il-
lumination over a wide range of powers.
Fig. 2(a) shows the amplitude and phase noise spectra
measured for a typical device as a function of the optical
power absorbed in the Al, P350GHz . In this figure we ob-
serve two characteristics that prove our device is photon
noise limited:
1. The noise spectra in both phase and amplitude
are white with a roll-off given by the quasiparti-
cle lifetime, τqp, or resonator ring time, τres. For
3our devices we observe a white noise spectrum for
P350GHz ≥ 100 fW, which has a roll-off due to τqp,
because τqp > τres.
2. When reducing the optical loading from the photon
noise limited situation one should observe at negli-
gible power levels the transition to a noise spectrum
that is limited by intrinsic noise sources of the de-
tector. At a negligible optical loading (P350GHz = 4
fW) the phase noise spectrum is no longer white
and the noise level in both phase and amplitude
readout is lower with respect to P350GHz > 4 fW.
Fig. 2 shows three more features, which may be present
in a photon noise limited MKID.
The photon noise level of the spectra observed in Fig.
2(a) is independent of the optical loading, because the
product of quasiparticle number and quasiparticle life-
time is constant6,13 and the loaded Q did not change.
By fitting a lorentzian roll-off6 to the spectra presented in
Fig. 2(a) we derive the quasiparticle lifetime as a function
of the optical loading. Fig. 3 shows that the quasiparti-
cle lifetime obtained from phase and amplitude readout
is equal for all loading levels. For P350GHz > 100 fW
the quasiparticle lifetimes show a τqp ∝ P−0.50±0.02350GHz re-
lation, which matches the expected τqp ∝ 1/
√
P350GHz
relation13–15 for a homogeneously illuminated supercon-
ductor. At P350GHz = 4 fW we observe τqp = 150 µs,
which deviates from the trend set by the photon noise
limited regime and is significantly lower than the τqp ≈ 2
ms observed by de Visser et.al.16 in similar Al. Measure-
ments on hybrid NbTiN-Al MKIDs with a varying length
of the Al section show that the quasiparticle lifetime in-
creases with the Al length. Based on this we tentatively
conclude that the reduced lifetime we observe is due to
poisoning by quasiparticles entering from the NbTiN.
Fig. 2(b) and 2(c) show the observed Noise Equivalent
Power (NEP)6,7, the level of which only depends on the
optical loading and is thus equal in amplitude and phase
readout. The NEP follows the NEP ∝ √P350GHz rela-
tion expected for photon noise limited MKIDs4,13,17.
Given the equal NEP values, Fig. 2(a) shows why phase
readout is preferred for practical background limited sys-
tems. The photon noise level in phase readout is 16 dB
higher than that in amplitude readout, thereby relaxing
the dynamic range requirements of the readout electron-
ics. We estimate18,19 that with a state-of-the-art read-
out system based upon the E2V EV10AQ190 analog-to-
digital converter (ADC) we can simultaneously read out
approximately 1800 of the presented NbTiN-Al MKIDs
in phase readout if we accept a 10% degradation of ob-
serving time due to the noise added by the ADC alone.
Using the same electronics amplitude readout would only
allow 30 pixels.
In the photon noise limited regime it is favorable to have
a high optical or aperture efficiency5, ηA, because the
observation time required to achieve a given signal-to-
noise follows tσ ∝ η−1A . The most reliable way to de-
termine the aperture efficiency of a MKID is through
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FIG. 3. The quasiparticle lifetime, determined from the phase
(magenta) and amplitude (black) noise roll-off, as a func-
tion of optical power absorbed by the MKID, P350GHz . The
Lorentzian fit gives a typically error of 5% in the estimated
lifetime. As a result, errorbars are usually smaller than the
symbol size. A fit to the measured lifetimes for P350GHz > 100
fW shows that τqp ∝ P−0.50±0.02350GHz .
the measurement of the photon noise. Yates et.al.4 used
this approach and determined the aperture efficiency by
comparing the measured NEP to the NEP expected for a
perfect absorber with the same area as a single pixel. The
latter was determined using the geometrical through-
put between the detector and the illuminating aperture.
However, this approach is only valid if the gain of the
antenna is equal to its maximum value within the entire
angle spanned by the aperture.
We determine the aperture efficiency from the full far
field beam pattern, which is obtained from a simula-
tion of the complete lens-antenna system using CST Mi-
crowave Studio. This gives us the freedom to adjust the
design as required and allows a calculation of ηA indepen-
dent of the measurement setup. However, the simulated
beam pattern does require experimental verification. We
will first show how we verify the coupling efficiency, Cν ,
which describes the reflection losses due to mismatches
between the antenna and the resonator CPW, and the
gain pattern20, Gν(Ω), as a function of the angular di-
rection, Ω, from the microlens focus. The gain pattern of
our lens-antenna system is shown in Fig. 4(b). After the
verification we will use Cν and Gν(Ω), which we obtain
from CST Microwave Studio, to calculate ηA.
We verify Cν and Gν(Ω) using the photon noise limited
optical NEP, NEPopt, as the experimental observable.
We compare NEPopt to the photon noise limited NEP
we expect, NEPcalc, from the resonator. To calculate
NEPcalc we need to know the power coupled to the lens-
antenna system, Pcalc, which is given by
Pcalc =
c2
4π
∫
ν
∫
Ω∈Aap
FνBν(TBB)
2ν2
CνGν(Ω) dΩdν (1)
Here c is the speed of light, Fν the filter transmission
and Bν(TBB) Planck’s law for a blackbody temperature
TBB. The factor 1/2 takes into account that we receive
only a single polarization. The second integral evalu-
ates the solid angle Ω over the aperture area, Aap. The
4rest of the detector enclosure is a 100 mK absorber that
has a negligible emission at 350 GHz. Included in this
calculation is the experimentally measured lateral shift
between each pixel and the aperture. The effect of lat-
eral deviations from co-alignment are shown in Fig. 4(a).
The contours in this figure show the predicted reduction
in received power as a function of the lateral transla-
tion between the lenses’ optical axis and aperture center.
The contours are normalized to a co-aligned system. The
circles in Fig. 4 indicate the positions of the 16 lensed
pixels. The color indicates the relative frequency change
between 5 and 90 fW of optical loading, which roughly
approximates the relative absorbed power for all 16 pix-
els. The qualitative match is striking and assures us of
the shape of Gν(Ω).
We can now define the power error ratio ǫ as the discrep-
ancy between the calculated and measured photon noise
limited NEP.
ǫ =
NEP 2calc
NEP 2opt
=
2Pcalc(hν(1 +mB) + ∆/ηpb)
NEP 2200Hz −NEP 2det
(2)
Here hν is the photon energy of the incoming radia-
tion, (1 + mB) the correction to Poisson statistics due
to wave bunching6, ∆ the superconducting energy gap
of the absorbing material and ηpb = 0.57 the pair break-
ing efficiency inside this material. NEPopt is equal to
the measured NEP at a modulation frequency of 200 Hz,
NEP200Hz , after correction for any detector noise con-
tribution to the NEP, NEPdet. In amplitude readout
this is the amplifier noise contribution, which we esti-
mate from the NEP value at a modulation frequency of
300 kHz (black diamonds in Fig. 2(b)). In phase readout
NEPdet = 0 as both the frequency independent amplifier
noise contribution, observed above the roll-off frequency,
and the 1/
√
F TLS noise contribution, observed below
10 Hz, are insignificant at 200 Hz. We expect ǫ = 1,
if the description of the optical power flow is complete
and the simulated beam patterns are correct. Fig. 2(c)
shows the measured optical NEP, NEPopt, as a function
of Pcalc for phase (magenta dots) and amplitude (black
dots) readout. The measured photon noise NEPs from
phase and amplitude are within 2σ of each other at all
loading levels. The solid black line shows the best fit
for the expected linear relation, NEPopt = NEPcalc/
√
ǫ.
For the presented MKID, numbered 16, ǫ = 1.06± 0.06,
if we disregard the lowest loading. For a different MKID,
numbered 3, the above analysis yields ǫ = 1.09± 0.13.
From the verified far field beam pattern we can determine
ηA, which is mathematically defined as
ηA =
Ae
A
=
λ2Gν(Ω0)Cν
4πA
(3)
Here A is the physical area covered by the pixel; λ and
ν are the wavelength and frequency of the observed ra-
diation, respectively; and Ω0 is the direction of the max-
imum gain. Using the circular area of the lenses A = π
FIG. 4. (a) This contour plot shows the power received by the
hybrid MKIDs as a function of the offset between the lens and
aperture center. The scale is normalized to the power received
at co-alignment. Overlaid in black circles are the positions
of the 16 MKIDs with lenses. The color inside each circle
indicates the relative change in resonance frequency between
5 and 90 fW of optical loading, which is a proxy for the relative
absorbed power. (b) The gain (in dB) of the complete lens-
antenna system as a function of angle (in degrees) as obtained
from CST. The red and blue line are the two orthogonal cross-
sections. The black solid lines show the opening angle of the
aperture used in this experiment.
mm2, C350GHz = 0.98 and the gain of the CST beam
pattern at broadside, Gν(Ω0) = 5.0 dB, an aperture ef-
ficiency of 75% is determined for a single pixel. The
maximum achievable aperture efficiency of a circular an-
tenna illuminated by a single-moded gaussian beam is21
ηA = 0.80. For the measured array the filling fraction of
the square packing means we have a total array aperture
efficiency of 57%. Using an array with hexagonal pack-
ing the total array aperture efficiency can be increased
to 66%.
In conclusion, we present hybrid NbTiN-Al MKIDs,
which are photon noise limited in both phase and ampli-
tude readout for loading levels P350GHz ≥ 100 fW with
an aperture efficiency of 75%. The photon noise level
will allow us to simulatenously read out approximately
1800 pixels using state-of-the-art electronics to monitor
the phase. Given these specifications, hybrid NbTiN-Al
MKIDs should enable astronomically usable kilopixel ar-
rays for sub-mm imaging and moderate resolution spec-
troscopy.
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